We describe an experimentally feasible protocol for performing a variant of the quantum delayedchoice experiment with massive objects. In this scheme, a single nitrogen-vacancy (NV) center in diamond driven by microwave fields is dispersively coupled to a massive mechanical resonator. A double-pulse Ramsey interferometer can be implemented with the spin-mechanical setup, where the second Ramsey microwave pulse drives the spin conditioned on the number states of the resonator. The probability for finding the NV center in definite spin states exhibits interference fringes when the mechanical resonator is prepared in a specific number state. On the other hand, the interference is destroyed if the mechanical resonator stays in some other number states. The wavelike and particlelike behavior of the NV spin can be superposed by preparing the mechanical resonator in a superposition of two distinct number states. Thus a quantum version of Wheeler's delayedchoice experiment could be implemented, allowing of fundamental tests of quantum mechanics on a macroscopic scale.
I. INTRODUCTION
Quantum mechanics predicts many counterintuitive behaviors for small objects. For instance, a single particle, such as a photon or an electron, can be in several places at the same time. A quantum object can behave either as a particle or a wave-the particle-wave duality, which is at the heart of quantum mechanics. To account for the weird behavior of quantum objects, Bohr introduced the principle of complementarity [1, 2] : either wave or particle behavior to be observed depends on the kind of experimental apparatus with which the quantum object is measured. Hence, these two incompatible aspects can never be observed simultaneously. This is well demonstrated by sending a single photon into a Mach-Zehnder (MZ) interferometer with two detectors placed at the two outputs [3] . A photon, split by the first beam splitter, travels along two paths with a tunable phase difference, and is finally recombined (or not) at the second beam splitter before detection. If the second beam splitter is present, we can observe interference patten, representing wavelike behavior. On the other hand, if the second beam splitter is absent, the photon's path can be known and only a click with probability 1 2 in one of the two detectors occurs, showing particle properties.
One can conclude that these two different experimental configurations-the second beam splitter present or absent-give different experimental outcomes. It seems that the photon may know in advance the type of detecting device, via a hidden variable, and could thus decide which behavior to exhibit. To examine this idea, Wheeler formulated the delayed-choice experiment [4] [5] [6] [7] . In this gedanken experiment, the choice whether to insert the second beam splitter is delayed with respect to the photon entering the interferometer. The choice of inserting * lipengbo@mail.xjtu.edu.cn; http://lipengbo.gr.xjtu.edu.cn/ or removing the second beam splitter is classically controlled by a random number generator. Thus, the photon could not have known in advance the kind of experiment with which it will be confronted and which behavior it should exhibit. Wheeler's thought experiment has been implemented experimentally with various systems [7] [8] [9] [10] [11] .
Recently, a quantum version of the delayed-choice experiment has been proposed [12] , where a quantum ancilla is employed to coherently control the second beam splitter of the interferometer. By this, the second beam splitter can be in a superposition of being present and absent, and consequently the photon must be in a superposition of particle and wave at the same time. Contrary to Bohr's opinion, one does not need to change the experimental setup in order to measure complementary properties (wave and particle). Quantum delayed-choice experiments have been performed with nuclear magnetic resonance [13, 14] , optical [15] [16] [17] , and superconducting circuit [18] systems, all of which however test quantum mechanics on the microscopic level. It will be of great interest to test quantum mechanics on a macroscopic scale, particularly with respect to counterintuitive effects induced by the particle-wave duality. This is also particularly relevant to fundamental studies of the quantum-toclassical crossover, as one moves from the microscopic to the macroscopic world.
In recent years significant advances in the control of nanoscale mechanical resonators have been achieved [19] [20] [21] [22] [23] , which culminated in the cooling of mechanical oscillators down to the ground state [20] [21] [22] . An attractive route in this field now is to couple single electronic spins to mechanical resonators and thereby form hybrid spinmechanical systems, which have been extensively investigated both for fundamental research and practical applications [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . It is thus very appealing to perform the quantum delayed-choice experiment with the spinmechanical system. This will test the most fundamental aspects of quantum mechanics on a macroscopic scale, and help us to deeply understand quantum mechanics. Here, we suggest an experimentally feasible protocol for performing a variant of the quantum delayed-choice experiment in a spin-mechanical system. In this scheme, a single NV center [42] , driven by microwave fields, is dispersively coupled to a mechanical resonator, which enables spin rotations conditional on the quantum state of the resonator. We propose to implement the quantum delayed-choice experiment by using a Ramsey interferometer [43, 44] , in which microwaves act as beam splitters for the spin states of the NV center. In this proposal, the mechanical motion controls the second spin rotation, enabling it in a superposition of being active and inactive. We find that, the probability for finding the NV center in definite spin states exhibits interference patten if the mechanical resonator is prepared in a specific number state. On the other hand, the interference is destroyed if the mechanical resonator is in some other number states. Therefore, the wavelike and particlelike behavior of the NV spin can be superposed by preparing the mechanical resonator in a superposition of two distinct number states. This provides an alternative way to perform the quantum delayed-choice experiment, allowing us to test quantum mechanics on a macroscopic scale.
II. THE PROPOSED QUANTUM DELAYED-CHOICE EXPERIMENT
We consider a spin-mechanical setup depicted in Fig.1 (a), where a mechanical resonator with oscillation frequency ω m is dispersively coupled to a single NV center with ground state |g and excited state |e . NV centers can couple to a mechanical resonator either through magnetic coupling [24] [25] [26] [27] [28] [29] 38] or strain-induced coupling [30] [31] [32] [33] [34] [35] . The dispersive spin-motion coupling is described by the following Hamiltonian ( = 1)
where ω 0 is the transition frequency between |g and |e , a is the destruction operator for the mechanical mode, and χ is the dispersive coupling strength. The eigenstates ofĤ s are |g, n and |e, n with a resonator excitation number n = 0, 1, .... As shown in Fig.1 (b) , the difference of the energy shifts of level |g, n and |e, n , i.e., ∆ n eg = ω 0 + nχ, which depends explicitly on the number n of phonons, will determine the effective resonance frequency of the |g ↔ |e transition. In this case, transitions inside a chosen subspace may be tuned to resonance, while other transitions remain out of resonance, producing a selective drive in the spin-motion Hilbert space [45] [46] [47] [48] . Once this frequency adjustment is made for one specific subspace {|g, N 0 , |e, N 0 }, spin rotations can be realized conditional on the number states of the resonator.
We now consider the implementation of a Ramsey interferometer, where the second Ramsey sequence induces spin rotations conditioned on the number states of the resonator. As shown in Fig. 2 , we describe this Ramsey setup in two main steps. In step (i), the spin is initially prepared in state |g , and we apply a π/2 microwave pulse with Rabi frequency Ω 1 (t). In this process, the spinmotion coupling needs to be switched off, which can be made by keeping the spin transition far out of resonance with the resonator mode. In this case, the spin is rotated into a superposition state
In order to tune the quantum phase difference φ, we subject the spin to a pulse of magnetic field for a time T , 
In step (ii), we turn on the dispersive coupling between the spin and the mechanical resonator, and achieve an unitary rotation R 2 π/2 (0) between the selected levels {|g, N 0 , |e, N 0 } by applying another π/2 pulse with the driving frequency ω 0 + N 0 χ. The corresponding Rabi frequency Ω 2 (t) should be much smaller than the dispersive coupling strength χ to ensure the rest of the system will not be affected by this drive, i.e., |Ω
However, if the mechanical resonator is instead in some other phonon states such as the ground state |0 , the rotation R 2 π/2 (0) will not occur and the spin remains in its original state |ψ p . The above discussions are clearly justified by the numerical simulations as shown in Fig.  3 .
The wave functions |ψ w and |ψ p describe wavelike and particlelike behavior, respectively. When the system is finally prepared in |ψ w , then the probability for detecting the spin in state |e is cos 2 (φ/2), displaying φ-dependent interference patten associated with waves. On the other hand, if the system is finally prepared in |ψ p , then the probability for detecting the spin in state |e or |g is 1/2. In this case, the interference patten disappears and it represents particlelike behavior. The visibility of the interference patten is V = (P max − P min )/(P max + P min ), where the min/max values are calculated with respect to φ for both the wave and particle cases. For the case of the spin described by |ψ w , we have V = 1, while for the case of |ψ p , we get V = 0. We can investigate the wavelike and particlelike aspects of the NV spin simultaneously by preparing the mechanical resonator in a quantum superposition state, i.e., cos α|0 + sin α|N 0 . Then, after the two rotations R 
The probability for detecting the spin in state |e thus becomes
with the corresponding visibility V = sin 2 α. By varying the parameter α, we have the ability to modify continuously the Ramsey interference patten. Fig. 4 shows the probability P e as a function of α and φ, which demonstrates a morphing behavior between a particle (α = 0) and a wave (α = π/2). In the case of α = π/4, the spin in state |ψ exhibits both wavelike and particlelike behavior with equal probability. Therefore, we can measure both properties in a single experiment without the need to change the experimental setup in order to test Bohr's complementarity principle.
III. PRACTICAL CONSIDERATIONS AND EXPERIMENTAL PARAMETERS
In realistic situations, we need to consider spin dephasing (with a decay rate γ s ) and mechanical dissipation (with a decay rate γ m ). The full dynamics of this system that takes these incoherent processes into account is described by the following master equation
wherê
and
†ô for a given operator o. In addition, n th = (e ωm/kBT − 1) −1 is the thermal phonon number at the environment temperature T . We need to note that the decoherence model is reasonable in this spin-mechanical setup and it is fair and unbiased for checking the feasibility of this protocol. In Fig. 5 , we display the numerical simulations of quantum dynamics of the driven spin-mechanical system through solving the master equation (6) . To perform the simulations, we choose the following sequence of pulses for simplicity
Fig. 5 (a) displays that the system starts from the state |g, 1 and evolves into the state |ψ w with several phase differences φ = ∆T . At the end of the Ramsey rotations, we find that the probabilities for detecting the spin in state |e are P e = 0.92, 0.49 and 0.08, corresponding to φ = 2π, π/2, and π, respectively, while the corresponding visibility is V = 0.84. Fig. 5 (b) presents the results for the case where the initial state is 1 √ 2 (|g, 0 + |g, 1 ). At the end of the Ramsey rotations, we find P e = 0.74, 0.54, and 0.25, respectively, in agreement with the analytic expression P e = 1 2 cos 2 α + sin 2 α cos 2 φ 2 . Moreover, at the end of the process, the corresponding visibility is V = 0.495, in good agreement with the expression V = sin 2 α when α = π/4. Thus, this proposal works very well under realistic conditions.
We now proceed to consider the experimental feasibility of this proposal and the appropriate parameters. An NV center in diamond consists of a substitutional nitrogen atom and an adjacent vacancy [42] , which has a spin S = 1 ground state, with zero-field splitting D = 2π×2.87 GHz, between the |m s = ±1 and |m s = 0 states. For moderate applied magnetic fields, one of the spin transitions can be tuned into near resonance with the mechanical mode and external microwaves. Here we can choose |g = |m s = 0 , and |e = |m s = 1 . Through the action of an external magnetic gradient [24] , NV centers can interact with nanomechanical resonators in the dispersive regime. We can choose χ/2π ∼ 100 kHz, Ω 2 /2π ∼ 10 kHz, Ω 1 /2π ∼ 500 kHz, ∆/2π ∼ 1 MHz, and T ∼ 1/∆. All these parameters are in line with current experimental techniques. Then, the required time for completing all the processes is about 10 µs, which is much shorter than the time scales associated with spin dephasing [49] and mechanical dissipation [50] .
We need to point out that quantum delayed-choice experiments have been performed with optical [15] [16] [17] systems using MZ interferometers. These experiments are on the microscopic level, i.e., they examine the wave or particle properties of single photons, while our protocol is on the macroscopic scale, i.e., we examine the wave or particle properties in a spin-mechanical setup. Different from the optical experiments based on MZ interferometers, this scheme does not need the spacelike separation as required in Wheeler's original thought experiment, due to the use of a temporally based Ramsey interferometer. Here the beam splitters are for spin states in the Hilbert space, while in [15] [16] [17] the beam splitters in the MZ interferometer are for single photons in real space.
Compared to the work [18] , this protocol has two different features: (i) In this double-pulse Ramsey interferometer, the second beam splitter is based on the selective spin rotations conditional on the number states of the mechanical resonator. This results from a dispersive coupling between the NV spin and the mechanical resonator, which produces a selective drive in the spinmotion Hilbert space. In Ref. [18] , however, the first beam splitter is produced by the resonant interaction be-tween the qubit and the cavity mode, which is either in a coherent microwave photon state or its photonic vacuum state. (ii) In both protocols, a superposition state of the resonator mode is required, in order to prepare one of the beam splitters in a superposition of being active and inactive. In our work, only a superposition of two number states is needed, which is quite easy in the experiment. However, in Ref. [18] they need to prepare the resonator in the cat superposition state, i.e., a superposition of a coherent state and the vacuum state. As pointed out in Ref. [18] , the coherent state |α is not strictly orthogonal to |0 , so that these two components cannot be unambiguously discriminated. Furthermore, the realization of a cat state is more difficult than the realization of a superposition of two number states of cavity modes in the experiment.
IV. CONCLUSIONS
In conclusion, we have proposed an experimentally feasible scheme for implementing a quantum delayed-choice experiment with the form of Ramsey interferometer in a spin-mechanical setup. In this proposal, a single NV center in diamond driven by microwave fields is dispersively coupled to a massive mechanical resonator, enabling selective spin rotations conditional on the number states of the resonator. The probability for finding the NV center in the upper spin state exhibits interference patten when the mechanical resonator is prepared in a specific number state. On the other hand, the interference is destroyed if the mechanical resonator stays in some other number states. The wavelike and particlelike aspects of the NV spin can be simultaneously investigated by preparing the mechanical resonator in a quantum superposition of its number states. In this sense, a quantum version of Wheeler's delayed-choice experiment can be implemented, allowing us to test quantum mechanics with massive objects.
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